WASH (Wiskott-Aldrich syndrome protein (WASP) and SCAR homolog) was identified to function in endosomal sorting via Arp2/3 activation. We previously demonstrated that WASH is a new interactor of BECN1 and present in the BECN1-PIK3C3 complex with AMBRA1. The AMBRA1-DDB1-CUL4A complex is an E3 ligase for K63-linked ubiquitination of BECN1, which is required for starvation-induced autophagy. WASH suppresses autophagy by inhibition of BECN1 ubiquitination. However, how AMBRA1 is regulated during autophagy remains elusive. Here, we found that RNF2 associates with AMBRA1 to act as an E3 ligase to ubiquitinate AMBRA1 via K48 linkage. RNF2 mediates ubiquitination of AMBRA1 at lysine 45. Notably, RNF2 deficiency enhances autophagy induction. Upon autophagy induction, RNF2 potentiates AMBRA1 degradation with the help of WASH. WASH deficiency impairs the association of RNF2 with AMBRA1 to impede AMBRA1 degradation. Our findings reveal another novel layer of regulation of autophagy through WASH recruitment of RNF2 for AMBRA1 degradation leading to downregulation of autophagy.
Introduction
Autophagy is an essential process to degrade cellular proteins and organelles for cell survival under nutrient-limited conditions or to recycle old cellular components for cellular renovation [1] [2] [3] [4] . Upon receiving outside stimuli such as amino acid or growth factor withdrawal, double-membrane structures are formed from either the endoplasmic reticulum (ER) or the mitochondrial membrane to enclose intracellular protein aggregates or damaged organelles [5] [6] [7] [8] [9] , which is referred to as autophagosomes. The autophagosome merges with the lysosome to form an autolysosome in which the target materials are degraded [10] . Autophagosome formation is mainly regulated by the BECN1-PIK3C3 (also known as Beclin 1-Vps34) complex at the early stage of autophagy [11, 12] . Recently, several major autophagy regulators were identified in vivo in the large BECN1-PIK3C3 complex, including ATG14 (also known as ATG14L, or Barkor), UVRAG (UV irradiation resistance-associated gene), AMBRA1, and Rubicon (RUN domain and cysteine-rich domain containing, BECN1-interacting protein) [13] [14] [15] [16] . Intriguingly, the stability of the BECN1-PIK3C3 complex is codependent on each component [14] , suggesting that each component of this complex plays a critical role in the modulation of autophagy.
Among these components, BECN1 (ortholog of yeast Atg6) plays an important role in autophagosome formation and maturation [14] [15] [16] [17] . BECN1 associates with PIK3C3 to activate its kinase activity, phosphorylating the D-3 position of the inositol ring of phosphatidylinositol to generate PI3P, which is required for the formation of the autophagosome structure [18] [19] [20] . In normal conditions, ER-located Bcl2 interacts with BECN1 and inhibits its interaction with PIK3C3, leading to autophagy suppression [21, 22] . Upon starvation stimulation, Bcl2 is phosphorylated by JNK1 and then disassociates with BECN1 [23] . Thus, released BECN1 binds to PIK3C3 to activate its kinase activity. AMBRA1 was reported to modulate the BECN1-PIK3C3 complex [13, [24] [25] [26] . In a normal condition, AMBRA1 links the BECN1-PIK3C3 complex to the cytoskeleton by interacting with dynein light chain 1/2 [13] . Upon autophagy induction, AMBRA1 is phosphorylated by ULK1 to release from the cytoskeletal docking site to induce autophagosome nucleation [13, 24] . AMBRA1 can act as a substrate receptor for the TRAF6 ligase to mediate ULK1 K63linked ubiquitination [25] , which potentiates ULK1 stability and activity. We recently demonstrated that WASH (Wiskott-Aldrich syndrome protein (WASP) and SCAR homolog) is a new interactor of BECN1 and component of the BECN1-PIK3C3 complex [27] . The AMBRA1-DDB1-CUL4A complex is an E3 ligase for K63-linked ubiquitination of BECN1 that enhances its association with PIK3C3 and is required for starvation-induced autophagy. WASH suppresses the ubiquitination of BECN1 to inactivate PIK3C3 activity, leading to suppression of autophagy.
RNF2, also called Ring1B, was firstly identified as an interactor of Bmi1, a group II polycomb group (PcG) protein [28] . PcG proteins are present in two distinct core complexes, polycomb repressor complex I (PRC1) and polycomb repressor complex II [29] . RNF2 is contained in the PRC1 complex, acting as an ubiquitin E3 ligase to ubiquitinate histone H2A for its monoubiquitination [30, 31] . RNF2 deficiency causes early embryonic lethality [32] , suggesting that RNF2 plays a pivotal role in early development. In addition to its monoubiquitination activity for H2A, the PRC1 complex also has polyubiquitination activity. PRC1 polyubiquitinates DNA replication inhibitor Geminin to maintain the activity of adult hematopoietic stem cells [33] . A recent study showed that RNF2 also polyubiquitinates tumor suppressor TP53 in selective tumor types leading to tumor formation [34] . However, only a few target substrates of RNF2 has been identified up to date and its role in autophagy regulation is still unknown. Here, we show that RNF2 is an E3 ligase for K48-linked ubiquitination of AMBRA1. WASH can recruit RNF2 for AMBRA1 degradation, leading to downregulation of autophagy.
Results

RNF2 interacts with AMBRA1
We recently showed that WASH deficiency causes early embryonic lethality and extensive autophagy of mouse embryos [27] . We identified that WASH is a new interactor of BECN1 to inhibit autophagy through suppression of the ubiquitination of BECN1. The AM-BRA1-DDB1-CUL4A complex acts as an E3 ligase for K63-linked ubiquitination of BECN1 that augments PIK3C3 activity. However, how AMBRA1 is regulated in autophagy remains elusive.
RNF2, also known as Ring1B, was firstly identified as an interactor of Bmi1 [28] . It was defined as an ubiquitin E3 ligase [30, 31] . Interestingly, we found that RNF2 was present in the WASH-associated BECN1-PIK3C3 complex (data not shown). We further observed that RNF2 core resided on the WASH-associated autophagosomes (Supplementary information, Figure S1 ), suggesting that RNF2 is involved in autophagy regulation. To further explore how RNF2 regulates autophagy, we used RNF2 as a bait to screen a human spleen cDNA library using a yeast two-hybrid system. Interestingly, AMBRA1 was identified as an interactor of RNF2 ( Figure 1A ). We obtained seven AMBRA1-positive clones in the RNF2 screening. The interaction of AMBRA1 with RNF2 was further validated in co-transfected mouse embryonic fibroblast (MEF) cells. FLAG-tagged RNF2 could precipitate AMBRA1 in co-transfected mammalian cells and vice versa ( Figure 1B and 1C ). Moreover, recombinant GST-tagged RNF2 could pull down AMBRA1 from MEF lysates ( Figure 1D ), while the GST alone could not. In addition, the direct interaction of RNF2 with AMBRA1 was confirmed by GST pull-down assay after incubation of their recombinant proteins ( Figure 1E ).
Finally, we immunoprecipitated endogenous proteins by using antibodies against AMBRA1 and RNF2 under normal or starvation conditions. As expected, RNF2 weakly interacted with AMBRA1 under a normal condition ( Figure 1F ). However, the interaction between RNF2 and AMBRA1 was greatly enhanced upon autophagy induction ( Figure 1F ). In addition, MG132 treatment impeded the degradation of AMBRA1, which enhanced the interaction between RNF2 and AMBRA1. Taken together, RNF2 directly interacts with AMBRA1 and their interaction is enhanced upon autophagy induction.
RNF2 deficiency augments autophagy
To delineate the physiological role of RNF2 in autophagy, we generated RNF2 knockout (KO) MEFs by expressing Cre recombinase in RNF2 flox/flox MEFs. Intriguingly, in RNF2 KO MEFs, MAP1LC3B lipidation was enhanced compared to that in RNF2 WT MEFs after EBSS (Earle's balanced salt solution, a nutrient-deprived condition) treatment ( Figure 2A ), and autophagic substrate SQSTM1 was mostly hydrolyzed. In addition, a lysosomal inhibitor Bafilomycin A1 (BafA1) treatment further enhanced MAP1LC3B-II accumulation. However, BafA1 blocked the degradation of SQSTM1. Consistently, the number of MAP1LC3B dots was boosted in RNF2 KO cells ( Figure 2B ), whereas BafA1 treatment npg www.cell-research.com | Cell Research remarkably increased MAP1LC3B puncta. These data suggest that RNF2 deficiency causes a robust autophagic activity with autophagic influx. Furthermore, the number of GFP-ATG5 dots was increased in RNF2-deficient cells compared to RNF2 WT cells with EBSS treatment ( Figure  2C ). MAP1LC3B puncta and GFP-ATG5 dots represent autophagosome formation.
We next examined the degradation of long-lived proteins in RNF2 +/+ and RNF2 −/− cells. We observed that much more long-lived proteins were degraded in RNF2 −/− cells than in RNF2 +/+ cells after EBSS treatment ( Figure 2D ). A type III PI3K inhibitor 3-MA, blocking autophagosome formation, impaired the degradation of long-lived proteins ( Figure 2D ). Importantly, upon EBSS treatment, RNF2 /− MEFs exhibited substantial autophagosome-like structures by electronic microscopy ( Figure  2E ). Consistently, MAP1LC3B conversion was increased and SQSTM1 degradation was accelerated in RNF2 KO MEFs compared to RNF2 WT MEFs (data not shown). These results suggest that RNF2 deficiency enhances autophagy induction.
Histidine 69 to tyrosine mutation (H69Y) of RNF2 abolishes its ligase activity, which is called the ligase-dead RNF2 (H69Y-RNF2) [35] . We then overexpressed RNF2 or H69Y-RNF2 mutant in MEFs to verify its inhibitory role in autophagy. We found that the exogenous expression levels of RNF2 were comparable to that of WT MEFs ( Figure 2F , left panel). When starved with EBSS for 4 h, RNF2-restored MEFs showed reduced conversion of MAP1LC3B-II compared with vector-transfected MEFs ( Figure 2F ). In RNF2-restored cells, the degradation of SQSTM1 was almost blocked ( Figure 2F , right panel). However, the overexpression of ligase-dead mutant H69Y-RNF2 did not affect autophagy. Consistently, RNF2 overexpression dramatically suppressed the formation of MAP1LC3B dots compared to vector transfection ( Figure 2G ). These data indicate that RNF2 inhibits autophagy and this suppressive role requires its enzymatic activity.
RNF2 promotes AMBRA1 degradation upon autophagy induction AMBRA1 was identified as a positive regulator of the BECN1-PIK3C3 complex to induce autophagy [13] . We RNF2 interacts with AMBRA1 in yeast two-hybrid assays. Yeast strain AH109 was transfected with BD (Gal4 DNA-binding domain)-fused RNF2 and AD (Gal4 activating domain)-fused AMBRA1 and plated on the indicated medium for 3 d. TP53 with large T antigen was introduced as a positive control. (B, C) RNF2 interacts with AMBRA1 in mammalian cells. FLAG-tagged RNF2 and MYC-tagged AMBRA1 were co-transfected into MEF cells for 24 h, followed by IP with antibody against FLAG (B). GFP-tagged RNF2 and FLAG-tagged AMBRA1 were co-transfected into MEF cells for 24 h, followed by IP with antibody against FLAG (C). (D) GST-RNF2 precipitates AMBRA1 from MEF cell lysates. GST-RNF2 or GST was bound to GST beads and incubated with MEF cell lysates, followed by immunoblotting with the indicated antibodies. (E) RNF2 directly interacts with AMBRA1. Recombinant GST-tagged RNF2 were incubated with HIS-AM-BRA1, followed by GST pull-down assays. (F) Endogenous RNF2 interacts with AMBRA1 upon starvation. MEFs were treated with culture medium (CM) or EBSS for 2 h, followed by IP with antibody against RNF2. 10 µM MG132 was added to cell culture before EBSS treatment. Experiments were repeated three times with similar results. previously showed that the DDB1-CUL4A-AMBRA1 complex acts as an ubiquitin E3 ligase for K63-linked ubiquitination of BECN1, which enhances the PIK3C3 kinase activity [27] . As shown above, RNF2 is a new interactor of AMBRA1 and inhibits autophagy. We next wanted to test how RNF2 regulates AMBRA1 in autoph-npg www.cell-research.com | Cell Research agy. We found that AMBRA1 was degraded in RNF2 +/+ cells during EBSS treatment ( Figure 3A ). However, the degradation of AMBRA1 was totally blocked in RNF2 −/− cells. Moreover, starvation-induced autophagy activity was augmented in RNF2 −/− cells ( Figure 3A ). In addition, the half-life of AMBRA1 in RNF2 +/+ cells was around 4 h after EBSS treatment, whereas AMBRA1 remained stable in RNF2 −/− cells even by 8 h ( Figure 3B ). However, RNF2 deficiency did not affect the mRNA levels of AMBRA1, as well as other autophagy-related genes that we examined, such as PIK3C3 and BECN1 ( Figure  3C ). These data suggest that RNF2 accelerates AMBRA1 degradation during starvation-induced autophagy.
To exclude the possibility that the AMBRA1 degradation is caused by an indirect effect of RNF2 KO, we performed rescue experiments by introducing RNF2 or H69Y-RNF2 to RNF2 −/− MEFs. RNF2 restoration in RNF2 −/− cells resulted in rapid degradation of AM-BRA1 after EBSS treatment ( Figure 3D ), while empty vector-introduced RNF2 −/− cells sustained the AMBRA1 stability. Importantly, H69Y-RNF2 restoration had no such effect ( Figure 3D ). These data indicate that RNF2 directly accelerates the degradation of AMBRA1.
Proteins are degraded mainly through a proteasome pathway or a lysosome pathway in eukaryotic cells [3, 36] . The proteasomal pathway recognizes only ubiquitinated substrates for degradation. In contrast, extracellular materials and cytosolic components can be delivered to the lysosome for degradation. MG132 is an inhibitor of the proteasome pathway, whereas chloroquine (CQ) is an inhibitor of the lysosome pathway. MG132 treatment blocked the degradation of AMBRA1 in a normal condition, while CQ had no such blocking activity ( Figure  3E ). To exclude the possibility that AMBRA1 was a target substrate of autophagy for its degradation, we performed the above experiments in starvation conditions. AMBRA1 was hydrolyzed with EBSS treatment ( Figure  3F ). Moreover, MG132 could still block the degradation of AMBRA1, while CQ had no such effect ( Figure 3F ). These data indicate that AMBRA1 is degraded through the proteasome pathway, but not the lysosome pathway. We separated the nuclei and cytoplasm of MEFs to examine the distribution of RNF2. We observed that RNF2 localized in both the nucleus and the cytoplasm (Supplementary information, Figure S2A ). Upon starvation, the cytosolic AMBRA1 underwent degradation, whereas the nuclear AMBRA1 remained stable after EBSS treatment. These data demonstrated that degradation of AMBRA1 occurs in the cytoplasm after starvation.
RNF2 is an E3 ligase for K48-linked ubiquitination of AMBRA1
RNF2 was identified as a member of the RING-domain E3 family that is present in the PRC1 complex [32] . RNF2 can ubiquitinate histone H2A for its monoubiquitination [30, 31] . RNF2 also ubiquitinates Geminin and TP53 for polyubiquitination [33, 34] . To test whether RNF2 is an E3 ligase for AMBRA1 ubiquitination, we first co-transfected AMBRA1 with increasing amounts of RNF2 into MEF cells. RNF2 overexpression resulted in declined protein levels of AMBRA1 ( Figure 4A ), and this degradation was RNF2 dose-dependent. However, RNF2 overexpression did not influence the mRNA level of AMBRA1 ( Figure 4B ). These data indicate that RNF2 promotes AMBRA1 degradation at the protein level. Thus, we proposed that RNF2 might be an E3 ligase for AMBRA1 degradation.
We then transfected empty vector, WT RNF2 or H69Y-RNF2 mutant with ubiquitin mutants into RNF2-deficient MEFs. We found that WT RNF2 overexpression with K63R-Ub, but not K48R-Ub, led to polyubiquitination of AMBRA1 ( Figure 4C ). However, overexpression of the ligase-dead H69Y-RNF2 with K63R-Ub or K48R-Ub failed to mediate polyubiquitination of AMBRA1 ( Figure  4C ). Consistently, AMBRA1 ubiquitination caused its degradation, which led to the suppression of autophagy ( Figure 4C ). In contrast, H69Y-RNF2 did not cause AM-BRA1 ubiquitination, which sustained the stability of AMBRA1 and autophagy similar to empty vector-transfected control cells. In addition, overexprssion of RNF2 or H69Y-RNF2 did not affect the mRNA level of AM-BRA1. These results suggest that RNF2 catalyzes K48linked ubiquitination of AMBRA1.
To directly confirm that RNF2 is an E3 ligase of AM-BRA1, we generated recombinant proteins of RNF2, AMBRA1, and components of the ubiquitin-proteasome system for an in vitro ubiquitination reconstitution assay. Expectedly, AMBRA1 was polyubiquitinated in the presence of RNF2 and K63R-Ub in the reconstitution system ( Figure 4D ), and this ubiquitination was abolished in the presence of K48R-Ub. Finally, we examined the ubiquitination levels of AMBRA1 in RNF2 +/+ and RNF2 −/− cells with overexpression of ubiquitin mutants. We observed that the ubiquitination of AMBRA1 was blocked in the presence of K48R-Ub in RNF2 +/+ MEFs upon EBSS treatment ( Figure 4E ), whereas polyubiquitination of AMBRA1 was detected in the presence of K63R-Ub. However, the K48-linked ubiquitination of AMBRA1 was totally abolished in RNF2 KO MEFs. In sum, RNF2 is an E3 ligase for AMBRA1 to catalyze K48-linked polyubiquitination for its degradation during autophagy.
RNF2 ubiquitinates AMBRA1 at lysine 45
We next determined the ubiquitination sites on AM-BRA1. We generated several truncations of AMBRA1 ( Figure 5A ) and transfected them with RNF2 into MEF cells. After starvation in EBSS for 2 h, cell lysates were immunoprecipitated with anti-AMBRA1 antibody and the ubiquitination state of these truncations was examined. Interestingly, the first 50 amino acid truncation (∆1-50) was not ubiquitinated ( Figure 5B ), while the other two truncations (∆60-180 and ∆760-980) were ubiquitinated. We predicted that the ubiquitination sites on AMBRA1 were localized at the first 50 amino acids of the N terminus. We further mutated all the lysines to arginines within the first 50 amino acids of AMBRA1. We found that K45R-AMBRA1 mutation totally abolished the ubiquitination of AMBRA1 in the presence of RNF2 ( Figure 5C ), whereas other mutants (K2R, K7R, K36R and K41R) were ubiquitinated. These data indicate that K45 on AMBRA1 is the ubiquitination site for RNF2.
K45R-AMBRA1 mutant sustains its stability to enhance PIK3C3 activity
We then established AMBRA1-silenced MEFs and rescued WT-AMBRA1 or K45R-AMBRA1 expression in these AMBRA1-depleted cells. We found that the K45R-AMBRA1 overexpression completely blocked npg www.cell-research.com | Cell Research FLAG-tagged AMBRA1 and increasing amounts of MYC-tagged RNF2 were co-transfected into MEF cells for 24 h. The protein levels were examined by immunoblotting with the indicated antibodies (A). The mRNA levels were examined by RT-PCR with primers specific for exogenous plasmids (B, left panel). mRNA levels of AMBRA1 were normalized to those of GFP (B, right panel). (C) RNF2 overexpression enhances K48-linked ubiquitination of AMBRA1. RNF2 −/− MEFs transfected with the indicated RNF2 plasmids and ubiquitin mutants were starved in EBSS for 2 h in the presence of 10 µM MG132, followed by IP with antibody against AMBRA1. The immunoprecipitates were dissociated with 1% SDS and reimmunoprecipitated with anti-AMBRA1. Immunoprecipitates and lysates were immunoblotted with the indicated antibodies. K63-polyubiquitinated BECN1 was immunoprecipitated with antibody against BECN1 from starved cells stably expressing HA-Ub as a positive control for antibody against K63-linked polyubiquitin chains. The mRNA level of AMBRA1 was examined by RT-PCR. (D) RNF2 ubiquitinates AMBRA1 via K48 linkage by in vitro ubiquitination reconstitution assays. Recombinant RNF2 was incubated with purified FLAG-AMBRA1 in the presence of recombinant E1 (UBA1) and E2 (UBE2D3) and ubiquitin mutants at 30 °C for 1 h, followed by IP with antibody against FLAG and immunoblotting with the indicated antibodies. (E) RNF2 deficiency blocks the ubiquitination of AMBRA1 during autophagy. RNF2 +/+ and RNF2 −/− MEFs transfected with various ubiquitin mutants were starved in EBSS for 2 h in the presence of 10 µM MG132, followed by IP with antibody against AMBRA1. Data represent at least three separate experiments.
its ubiquitination under starvation ( Figure 5D ), whereas WT-AMBRA1 was able to undergo ubiquitination. Consistently, K45R-AMBRA1 overexpression maintained the stability of AMBRA1 and enhanced autophagy (Fig-ure 5D) , while WT-AMBRA1 restoration resulted in its degradation and moderate autophagy. Moreover, the halflife of AMBRA1 was around 4 h in WT-AMBRA1-restored cells upon EBSS treatment ( Figure 5E ), which were co-transfected with RNF2 with or without HA-tagged ubiquitin (HA-Ub) into MEFs for 24 h. Cells were harvested after pretreatment with 10 µM MG132 for 6 h and EBSS for 2 h, followed by IP with antibody against AMBRA1. The immunoprecipitates were dissociated with 1% SDS and reimmunoprecipitated with anti-FLAG. Immunoprecipitates were immunoblotted with the indicated antibodies. (D) K45R-AMBRA1 enhances autophagy. AMBRA1-silenced MEFs were stably rescued with WT-AMBRA1 or K45R-AMBRA1 and starved in EBSS for the indicated times, followed by IP with antibody against FLAG after pretreated with 10 µM MG132 for 6 h. Immunoprecipitates were immunoblotted with the indicated antibodies. (E) The halflife of AMBRA1. AMBRA1-silenced MEFs were transfected with WT-AMBRA1 (upper panel) or K45R-AMBRA1 (lower panel) and selected for stable expression with 2 µg/ml puromycin. Cells were then treated with or without EBSS for the indicated times in the presence of 20 µg/ml CHX before harvest for immunoblotting with the indicated antibodies. (F) The association of BECN1 with PIK3C3 is enhanced in K45R-AMBRA1-rescued cells. AMBRA1-silenced MEFs were rescued with WT-AM-BRA1 or K45R-AMBRA1 for 24 h, followed by IP with anti-BECN1 antibody. Immunoprecipitates were immunoblotted with the indicated antibodies (upper panel). The ratios of PIK3C3 versus BECN1 were calculated and shown in the lower panel. (G) npg www.cell-research.com | Cell Research was consistent with EBSS-treated WT RNF2 cells ( Figure  3B ). However, K45R-AMBRA1 restoration did not cause degradation of AMBRA1 with EBSS treatment. Furthermore, the amount of BECN1-associated PIK3C3 protein was dramatically increased in K45R-AMBRA1-rescued cells ( Figure 5F) . Consequently, the BECN1 associated-PIK3C3 kinase activity was also enhanced in K45R-AMBRA1-rescued cells ( Figure 5G ).
We then examined the autophagy activity in WT-AM-BRA1-and K45R-AMBRA1-rescued cells. We found that K45R-AMBRA1 overexpression accelerated MA-P1LC3B lipidation and SQSTM1 degradation ( Figure  5H) , and BafA1 treatment further enhanced MAP1LC3B accumulation but blocked SQSTM1 degradation. In contrast, WT-AMBRA1-transfected cells only had moderate MAP1LC3B conversion and SQSTM1 degradation (Figure 5H) . Moreover, the number of MAP1LC3B puncta was remarkably increased in K45R-AMBRA1-rescued cells compared to that of WT-AMBRA1-transfected cells ( Figure 5I ). Finally, K45R-AMBRA1 restoration in RNF2-deficient MEFs led to similar autophagy level to K45R-AMBRA1 restoration in WT MEFs ( Figure 5J ). These data suggest that RNF2 negatively regulates autophagy induction through ubiquitination of AMBRA1.
The Atg14-associated BECN1-PIK3C3 complex is autophagy related [15, 16] . We performed immunoprecipitation (IP) assays by using antibodies against ATG14 and UVRAG in WT AMBRA1-or mutant AM-BRA1-rescued MEF cells (Supplementary information, Figure S2B ). We found that AMBRA1 mutation did not affect the interaction between BECN1 and PIK3C3 within the UVRAG-containing PIK3C3 complex. However, AMBRA1 mutation enhanced the interaction between BECN1 and PIK3C3 within the Atg14-containing PIK3C3 complex. Moreover, RNF2 deficiency enhanced the association between BECN1 and PIK3C3 within the ATG14-containing PIK3C3 complex, but not in the UVRAG-containing PIK3C3 complex. Thus, RNF2-mediated autophagy regulation involves the Atg14-associated BECN1-PIK3C3 complex.
RNF2 inhibits autophagy through promoting AMBRA1 degradation
AMBRA1 was reported to enhance the interaction between BECN1 and PIK3C3 during autophagy [13] . We showed that the DDB1-CUL4A-AMBRA1 complex acts as an E3 ligase to ubiquitinate BECN1 to augment the PIK3C3 kinase activity [27] . Thus, AMBRA1 functions as an autophagy inducer. To test whether RNF2 exerts its inhibitory role in autophagy by suppressing the association of BECN1 with PIK3C3 through modulation of AMBRA1, we examined the amount of PIK3C3 protein that was associated with BECN1 in RNF2-overexpressing cells. As expected, the amount of BECN1-associated PIK3C3 was significantly decreased in RNF2-overexpressing cells after starvation ( Figure 6A) . Consistently, the BECN1-associated PIK3C3 kinase activity was also declined to a lower level in RNF2-overexpressing cells compared with vector-transfected control cells (Figure 6B) . In contrast, the amount of BECN1-associated PIK3C3 protein was higher in RNF2 −/− cells than in RNF2 +/+ cells ( Figure 6C ). In addition, the kinase activity of the autophagic PIK3C3 was also higher in RNF2 −/− cells compared with RNF2 +/+ WT cells ( Figure 6D ).
More importantly, the amount of AMBRA1 that was associated with BECN1 was dramatically increased in RNF2 KO cells ( Figure 6E ). Furthermore, RNF2 deficiency significantly increased K63-linked ubiquitination of BECN1 upon autophagy induction ( Figure 6F and Supplementary information, Figure S3A ). In contrast, RNF2 restoration in RNF2 KO cells dramatically reduced the K63-linked ubiquitination of BECN1 (Supplementary information, Figure S3B ). In addition, K437R-BECN1 mutation was resistant to RNF2 deletion-induced enhancement of autophagy (Supplementary information, Figure S3C ). These data suggest that RNF2-mediated AMBRA1 degradation represses K63-polyubiquitination of BECN1, leading to autophagy suppression.
WIPI1 is a PI3P-binding protein that is involved in phagophore formation [37] . We then examined WIPI1 expression levels to analyze the kinase activity of PIK3C3 K45R-AMBRA1 augments PIK3C3 kinase activity. AMBRA1-silenced MEFs were rescued with WT-AMBRA1 or K45R-AM-BRA1, followed by starvation in EBSS for the indicated times. Cells were lysed for immunoblotting with anti-ATG14 antibody for autophagy-specific PIK3C3. Immunoprecipitates were split into two equal parts, one for a loading control and the other for in vitro kinase assay. Radioactive PI(3)P was resolved by thin layer chromatography (TLC), and normalized against the BECN1-associated PIK3C3. (H, I) K45R-AMBRA1 promotes autophagic activity. AMBRA1-silenced MEFs were rescued with WT-AMBRA1 or K45R-AMBRA1, followed by starvation in EBSS for 2 h with or without 20 nM BafA1. Cells were lysed for immunoblotting with the indicated antibodies (H). Endogenous MAP1LC3B were stained with antibody against MAP1LC3B and MAP1LC3B dots were counted (I). (J) RNF2 deficiency does not affect the K45R-AMBRA1-elevated autophagy. AMBRA1-silenced MEFs were stably rescued with WT-AMBRA1 or K45R-AMBRA1, followed by starvation in EBSS for 2 h with or without 20 nM BafA1. Cells were lysed for immunoblotting with the indicated antibodies. Data are representative of at least three separate experiments and shown as means ± SD. Scale bar, 10 µm. **P < 0.01; ***P < 0.001. RNF2 inhibits autophagy through promoting AMBRA1 degradation. (A) RNF2 suppresses the association between BECN1 and PIK3C3. MEFs transfected with vector or RNF2 were starved in EBSS for the indicated times, followed by IP with anti-BECN1 antibody. Ratios of PIK3C3 versus BECN1 were calculated and shown in the right panel. (B) RNF2 inhibits the PIK3C3 kinase activity. RNF2-overexpressing MEFs were starved in EBSS for the indicated times, followed by IP with anti-ATG14 antibody for autophagy-specific PIK3C3. Immunoprecipitates were split into two equal parts and analyzed as Figure  5G. (C) RNF2 deficiency enhances the association between BECN1 and PIK3C3. RNF2 +/+ and RNF2 −/− MEFs were starved in EBSS for the indicated times, followed by IP with anti-BECN1 antibody and assayed as A. (D) RNF2 deficiency promotes the PIK3C3 kinase activity. RNF2 +/+ and RNF2 −/− MEFs were starved in EBSS for the indicated times, and harvested for IP with anti-ATG14 antibody for autophagy-specific PIK3C3. Immunoprecipitates were analyzed as B. (E) RNF2 deficiency increases the amount of AMBRA1 that is associated with BECN1. RNF2 +/+ and RNF2 −/− MEFs were incubated with EBSS for the indicated times and harvested for IP with anti-BECN1 antibody (left panel). Ratios of AMBRA1/BECN1 were analyzed and shown in the right panel. (F) RNF2 deficiency increases K63-linked ubiquitination of BECN1 during autophagy. RNF2 +/+ and RNF2 −/− MEFs were starved in EBSS for the indicated times, and harvested for IP with antibody against BECN1. Immunoprecipitates and cell lysates were immunoblotted with the indicated antibodies. (G) RNF2 deficiency elevates the kinase activity of PIK3C3. RNF2 +/+ and RNF2 −/− MEFs stably expressing GFP-WIPI1 were starved in EBSS for 2 h with or without BafA1 treatment. GFP-WIPI1 dots were counted and shown in the right panel. (H) H69Y-RNF2 mutation abolishes the inhibition of autophagy. MEFs stably expressing GFP-MAP1LC3B were transfected with WT-RNF2 or H69Y-RNF2 mutant, followed by starvation in EBSS for 2 h with or without BafA1 treatment. GFP-MAP1LC3B dots were counted and are shown in the lower panel. Data are representative of at least three separate experiments and shown as means ± SD. Scale bar, 10 µm. **P < 0.01; ***P < 0.001. WASH interacts with RNF2 in yeast two-hybrid assays. Yeast strain AH109 was transfected with BD-fused WASH and AD-fused RNF2 and plated on the indicated medium for 3 d. TP53 with large T antigen or a known WASH interactor Bloc1s2 (data not shown) was introduced as positive controls. (B) WASH directly interacts with RNF2. Recombinant WASH (rWASH) and GST-RNF2 were subjected to GST pulldown assays. (C) WASH enhances the interaction between RNF2 and AMBRA1. GST-RNF2 or GST was incubated with recombinant AMBRA1 with or without WASH, followed by GST pull-down assays. (D) RNF2 associates with the components of the BECN1-PIK3C3 complex. Cell lysates from MEFs treated with or without EBSS for 2 h were immunoprecipitated with anti-RNF2 antibody. (E, F) WASH promotes degradation of AMBRA1. MEFs transfected with MYC-AMBRA1 and increasing amounts of FLAG-WASH were harvested 24 h post-transfection for immunoblotting with the indicated antibodies (E). mR-NAs were extracted and subjected to RT-PCR analysis with primers specific for exogenous plasmids (F). GFP served as a transfection control. (G) K45R-AMBRA1 mutation abolishes WASH-augmented degradation of AMBRA1. HA-tagged WASH was transfected into AMBRA1-depleted MEFs rescued with WT-or K45R-AMBRA1 for 24 h. Cells were starved in EBSS for 4 h, and harvested for immunoblotting with the indicated antibodies. (H) WASH deficiency prevents degradation of AMBRA1. WASH +/+ or WASH −/− MEFs treated with 20 µg/ml CHX plus EBSS for the indicated times were harvested for immunoblotting (left panel). Blot band intensity ratios of AMBRA1/ACTB were calculated and shown as means ± SD (right panel). (I) AMBRA1
in RNF2 KO cells. Expectedly, the number of GFP-WI-PI1 dots was significantly increased in RNF2-deficient cells ( Figure 6G) , and BafA1 treatment further increased GFP-WIPI1 dots, suggesting that RNF2 KO cells exhibited elevated PIK3C3 kinase activity. In addition, we introduced WT-RNF2 and H69Y-RNF2 into MEF cells to examine autophagy induction. We found that WT-RNF2 overexpression abolished autophagy induction ( Figure  6H) . In contrast, the ligase-dead H69Y-RNF2-transfected cells still underwent autophagy with EBSS stimulation. In addition, we observed that AMBRA1 was associated with RNF2, but not the other major PRC1 complex component BMI1 during autophagy (Supplementary information, Figure S4 ).
WASH recruits RNF2 for AMBRA1 degradation
We previously screened a human spleen cDNA library by using WASH as a bait [27] . Besides BECN1, RNF2 was identified as another interactor with WASH ( Figure  7A ). Bloc1s2, a known interactor of WASH [38] , was used as a positive control for the yeast two-hybrid assay (data not shown). The direct interaction of WASH with RNF2 was confirmed by pull-down assays with their recombinant proteins ( Figure 7B ). In addition, WASH enhanced the interaction of GST-RNF2 with AMBRA1 ( Figure 7C) . Notably, we observed that RNF2 interacted with the components of the Atg14-associated BECN1-PIK3C3 complex ( Figure 7D ).
We next attempted to test whether WASH can recruit RNF2 for AMBRA1 degradation in autophagy. With EBSS treatment, endogenous WASH was able to recruit much more RNF2 ( Figure 7D ). We further observed that WASH could attenuate the protein level of AMBRA1 in a dose-dependent manner ( Figure 7E ), while WASH did not affect the mRNA level of AMBRA1 ( Figure 7F ).
To further examine whether WASH promotes the degradation of AMBRA1, we overexpressed WT-AMBRA1 or K45R-AMBRA1 mutant with WASH. As shown in Figure 7G , WASH overexpression promoted the degradation of WT-AMBRA1, but not K45R-AMBRA1, suggesting that RNF2-catalyzed AMBRA1 ubiquitination is critical for AMBRA1 degradation. By contrast, WASH deficiency impaired AMBRA1 degradation during autophagy induction ( Figure 7H ). In addition, WASH deficiency did not impair the mRNA level of AMBRA1 (Supplementary information, Figure S5 ). Notably, anti-RNF2 antibody failed to immunoprecipitate AMBRA1 in WASH −/− cells, whereas anti-RNF2 antibody was able to immunoprecipitate AMBRA1 in WASH +/+ cells and precipitated much more amount of AMBRA1 in autophagy ( Figure 7I ). These data indicate that WASH enhances the association of RNF2 with AMBRA1 Of note, WASH deficiency abolished K48-linked polyubiquitination of AMBRA1 during autophagy induction ( Figure 7J ). To further confirm that WASH mediates K48-linked AMBRA1 ubiquitination, we performed an in vitro AMBRA1 ubiquitination reconstitution assay. WASH indeed promoted RNF2-mediated K48-linked polyubiquitination of AMBRA1 ( Figure 7K ). In sum, WASH can recruit RNF2 to catalyze K48-linked polyubiquitination of AMBRA1 for its degradation, leading to downregulation of autophagy.
Discussion
We recently showed that WASH is an inhibitor of autophagy [27] . We identified that WASH is a new interactor of BECN1 to inhibit autophagy through suppression of the ubiquitination of BECN1. The AMBRA1-DDB1-CU-L4A complex acts as an E3 ligase for K63-linked ubiquitination of BECN1 that augments PIK3C3 activity.
Here, we show that RNF2 negatively regulates autophagy through promoting AMBRA1 degradation. Importantly, we demonstrated that WASH and RNF2 exert inhibitory function in the autophagy induction. RNF2 is firstly identified in the PRC1 complex, which is responsible for monoubiquitination of histone H2A at lysine 119 [31, 39] and polyubiquitination of DNA replication inhibitor Geminin for its degradation [33] . Here, we identified that RNF2 acts as an E3 ligase of AMBRA1 for its polyubiquitination. Upon autophagy induction, WASH mediates recruitment of RNF2 to polyubiquitinate AMBRA1 for its degradation, leading to suppression of autophagy. AMBRA1, also known as DCAF3, interacts with the DDB1-CUL4A E3 ubiquitin ligase complex [40, 41] . DCAF substrate receptors confer its ligase specificity [40, 42, 43] . AMBRA1 was reported to be a positive regulator of autophagy [13, [24] [25] [26] . It was firstly associates with RNF2 dependently of WASH. WASH +/+ or WASH −/− MEFs were treated with or without EBSS for 2 h, and cell lysates were immunoprecipitated with anti-RNF2 antibody. (J) WASH deficiency impairs polyubiquitination of AMBRA1. WASH +/+ or WASH −/− MEFs were starved in EBSS for the indicated times, followed by IP with antibody against AMBRA1 after pretreatment with 10 µM MG132 for 6 h. Immunoprecipitates were immunoblotted with the indicated antibodies. (K) WASH promotes polyubiquitination of AMBRA1 in vitro. Recombinant RNF2 was incubated with purified FLAG-AMBRA1, E1 (UBA1), E2 (UBE2D3) and ubiquitin mutants with or without recombinant WASH at 30 °C for 1 h, followed by IP with antibody against FLAG and immunoblotting with the indicated antibodies. Experiments were repeated three times with similar results. npg www.cell-research.com | Cell Research reported to be an interactor of BECN1 and that it can enhance kinase activity of PIK3C3 through increasing the association between BECN1 and PIK3C3 [13] . A recent study showed that AMBRA1 tethers the BECN1-PIK3C3 complex to cytoskeleton to inhibit autophagy under normal conditions [24] . The same group also reported that AMBRA1 can be phosphorylated at Ser52 by mTOR to impair ULK1 stability and activity, leading to suppression of autophagy in a steady state [25] . Upon autophagy, AMBRA1 undergoes dephosphorylation. Our previous study showed that AMBRA1 acts as a substrate adaptor linking the DDB1-CUL4A ligase complex to BECN1 [27] . The AMBRA1-DDB1-CUL4A ligase complex mediates K63-linked ubiquitination of BECN1, which enhances the association of BECN1 with PIK3C3 during autophagy induction. Here, we found that AM-BRA1 is degraded upon autophagy. WASH can recruit RNF2 to ubiquitinate AMBRA1 via K48-linkage for its degradation through a proteasome degradation pathway. We verified that RNF2 serves as a new E3 ligase for K48-linked ubiquitination of AMBRA1. AMBRA1 degradation disrupts the AMBRA1-DDB1-CUL4A E3 ligase complex to block ubiquitination of BECN1. Recent reports showed that CUL4A and TRAF6 associate with AMBRA1 [25, 44, 45] . However, whether CUL4A and TRAF6 are the E3 ligases for AMBRA1 degradation in starvation-induced autophagy needs to be further investigated.
During the induction of autophagy, the isolation membrane (phagophore) elongates and seals itself to produce an autophagosome [3, 12, 46] . The autophagosome fuses with endocytic cargos to generate a mature autophagosome. How this process is regulated remains elusive. Autophagosome formation has been reported to be regulated by at least four complexes, including the ULK1 complex, the BECN1-PIK3C3 complex, the Atg9 and WIPI complex, and the Atg12 and MAP1LC3B conjugation system [3] . Among them, the BECN1-PIK3C3 complex has been extensively studied [47] [48] [49] . Up to date, many components have been identified in the BECN1-PIK3C3 complex, including ATG14, UVRAG, AMBRA1, and Rubicon [13, 15, 16, 49] . During autophagy, PI3P is essential for accumulating regulatory factors to the site of autophagosome formation. PI3KC3 is responsible for the most of PI3P synthesis during autophagy [5, 12] . Similar to its ortholog in yeast, PIK3C3 in mammalian cells exists in two distinct complexes, in which BECN1, PIK3C3 and p150/Vps15 are the core components [14] [15] [16] 47] . The PIK3C3 complexes are finely controlled by each component. UVRAG can activate the BECN1-PIK3C3 complex when cells encounter nutrient limitation [47] . ATG14 (yeast Atg14-like) promotes PIK3C3 kinase activity and enhances autophagy [15, 16] . Notably, Rubicon is also assembled in the BECN1-PIK3C3 complex, which inhibits autophagy through disturbing autophagosome maturation [16] . Interestingly, we showed that WASH and AMBRA1 are present in the BECN1-PIK3C3 complex and colocalize with MAP1LC3B, suggesting that these proteins are involved in the regulation of autophagosome formation [27] . In this study, we observed that RNF2 associates with the BECN1-PIK3C3 complex to regulate autophagy. The interaction between BECN1 and PIK3C3 is highly dynamic [50] . In normal conditions, BECN1 is retained in the ER by binding to Bcl2 [22] . The BECN1 and PIK3C3 interaction is very weak at this moment. Upon autophagy induction, BECN1 dissociates from Bcl2 to bind PIK3C3. We previously found that BECN1 is ubiquitinated by the AMBRA1-DDB1-CUL4A complex through K63-linkage during autophagy [27] . Polyubiquitinated BECN1 has an elevated capacity to bind PIK3C3, resulting in an enhanced PIK3C3 kinase activity. Here, we found that WASH can recruit RNF2 to ubiquitinate K48-linked AMBRA1 for its degradation, leading to suppression of autophagy.
We previously showed that WASH and AMBRA1 are present in the BECN1-PIK3C3 complex [27] . We demonstrated that WASH overexpression dramatically reduced the association between BECN1 and AM-BRA1 [27] , which suggests that WASH suppresses the BECN1 ubiquitination through a competitive binding inhibition. However, the competitive binding inhibition did not completely block the engagement of BECN1 to AMBRA1 even with excessive overexpression of WASH [27] . These data imply that an alternative pathway may exist to inhibit the BECN1 ubiquitination in the regulation of autophagy. In this study, we show another novel layer of regulation of autophagy by promoting the degradation of the BECN1 E3 ligase AMBRA1 to impair the BECN1 ubiquitination. Besides the competitive binding inhibition, WASH can also recruit RNF2 to ubiquitinate AMBRA1 via K48-linkage, leading to AM-BRA1 degradation. These two regulatory layers ensure that K63-linked ubiquitination of BECN1 is completely blocked in order to terminate autophagy.
Combining our present and previous findings, we suggest the following model. For autophagy induction, BECN1 is rapidly ubiquitinated via K63-linkage by the AMBRA1-DDB1-CUL4A E3 ligase complex, and then ubiquitinated BECN1 binds to PIK3C3 to augment PIK3C3 kinase activity. For autophagy suppression, WASH recruits the E3 ligase RNF2 that ubiquitinates AMBRA1 via K48-linkage that leads to AMBRA1 degradation. AMBRA1 degradation or competitive bind-ing inhibition impedes BECN1 ubiquitination. Thus, non-ubiquitinated BECN1 fails to associate with PIK3C3 and activate its kinase activity, leading to autophagy suppression.
Materials and Methods
Antibodies and reagents
Anti-MAP1LC3B (3868), anti-BECN1 (3738), anti-RNF2 (5694), anti-AMBRA1 (12250), anti-poly-Ub (3936), anti-K63-Ub (5621), anti-BMI1 (6964), and anti-PIK3C3 (3358) were from Cell Signaling Technology. Mouse monoclonal antibodies anti-ACTB (A5441), anti-HIS (P1967), anti-HA (H3663), anti-GST (SAB5300159), and anti-FLAG (F3040) were from Sigma-Aldrich. Rabbit polyclonal antibodies anti-MAP1LC3B (PM036) and anti-SQSTM1 (PM045) were from MBL. Rabbit polyclonal antibody anti-HA (sc-805) and mouse monoclonal antibody anti-MYC (sc-40) were from Santa Cruz Biotechnology. Donkey anti-rabbit IgG secondary antibodies conjugated with Alexa-488 (A11008), Alexa-594 (A11012) or Alexa-405 (A31553) were purchased from Molecular Probes, Invitrogen. Donkey anti-mouse IgG secondary antibodies conjugated with Alexa-488 (A11029) or Alexa-594 (A11005) were from Molecular Probes, Invitrogen. HRP-conjugated secondary antibodies were from Santa Cruz Biotechnology. BafA1 (B1793), cycloheximide (CHX; 01810), Staurosporine (S6942), Z-VAD (V116), and MG132 (M7449) were from Sigma-Aldrich.
Generation of WASH −/− and RNF2 −/− MEFs WASH flox/flox mice were generated as previously described [27] . RNF2 flox/flox mice were generously provided by Dr Haruhiko Koseki (RIKEN, Japan). For RNF2 flox/flox mouse generation, the transcription start site of Ring1B was flanked by loxP sites, followed by insertion of the PGKneo selection marker into the first intron [51] . Conditional KO mice were produced through a conventional KO breading scheme. MEFs were prepared from E14.5 embryos and infected with lentivirus encoding the Cre recombinase for 48 h. MEF cells were further selected with 2 µg/ml puromycin to generate WASH-and RNF2-deficient cells. WASH and RNF2 expressions were confirmed by western blotting and immunostaining.
Yeast two-hybrid screening
Yeast two-hybrid screening was conducted following guideline provided by the manufacturer (Matchmaker Gold Yeast Two-Hybrid system, Clontech/Takara). Briefly, WASH and RNF2 were cloned into pGBKT7 vector, respectively. Yeast strain AH109 cells were transfected with pGBKT7-RNF2 or pGBKT7-WASH and plasmids containing a human spleen cDNA library (Clontech/ Takara), followed by selection on SD medium without adenine, histidine, tryptophan, and leucine as described [27] . Clones were selected and identified by DNA sequencing. npg www.cell-research.com | Cell Research Biotechnology, sc-2003). The precipitates were completely washed with PBS and tested by immunoblotting. To detect polyubiquitinated AMBRA1, immunoprecipitates were denatured by boiling with 1% SDS and reimmunoprecipitated with anti-AMBRA1 antibody.
PIK3C3 kinase assay
After being treated with culture medium or EBSS (starvation) for 1 h, MEFs transfected with the indicated plasmids were harvested. Cells were lysed in lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1% TritonX-100, protease inhibitor cocktail, pH 7.4) and immunoprecipitation with anti-FLAG antibody was performed as described above. Immunoprecipitates were split into two equal parts, one for a loading control and the other for in vitro kinase assay. Immunoprecipitates were washed three times in washing buffer containing 50 mM Tris-HCl and 500 mM LiCl, pH 7.4, followed by washing for three times in a reaction buffer containing 10 mM Tris-HCl, 100 mM NaCl and 1 mM EDTA. Immunoprecipitates were then resuspended in 50 µl reaction buffer and 15 mM MnCl 2 before 20 µg sonicated phosphatidylinositol was added. The reaction was performed in the presence of 50 µM ATP and stopped by the addition of 1.5 M HCl. Organic phase was extracted with 200 µl chloroform:methanol (v/v, 1:1) and resolved by TLC using a coated silica gel in a solvent comprising chloroform:methanol:H 2 O:ammonium hydroxide (v/v/v/v, 9:7:1.7:0.3). The gel was imaged by Typhoon 9400 Variable Imager (GE Healthcare, Typhoon 9400).
Statistical analysis
Student's t-test was used as statistical analysis by Microsoft Excel.
